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Abstract

Measuring the small changes associated with long-term global climate change from space is
a daunting task. The satellite instruments must be capable of observing atmospheric temperature
trends as small as 0.1 © C/decade, ozone changes as little as 1%/decade, and variations in the
sun’s output as tiny as 0.1%/decade. To address these problems and recommend directions for
improvements in satellite instrument calibration, the National Institute of Standards and
Technology (NIST), National Polar-orbiting Operational Environmental Satellite System-
Integrated Program Office (NPOESS-IPO), National Oceanic and Atmospheric Administration
(NOAA), and National Aeronautics and Space Administration (NASA) organized a workshop at
the University of Maryland Inn and Conference Center, College Park, MD, November 12-14,
2002. Some 75 scientists, including researchers who develop and analyze long-term data sets
from satellites, experts in the field of satellite instrument calibration, and physicists working on
state of the art calibration sources and standards, participated.

The workshop defined the absolute accuracies and long-term stabilities of global climate
data sets that are needed to detect expected trends, translated these data set accuracies and sta-
bilities to required satellite instrument accuracies and stabilities, and evaluated the ability of
current observing systems to meet these requirements. The workshop’s recommendations
include a set of basic axioms or overarching principles that must guide high quality climate
observations in general, and a roadmap for improving satellite instrument characterization, cali-
bration, inter-calibration, and associated activities to meet the challenge of measuring global cli-
mate change. It is also recommended that a follow-up workshop be conducted to discuss imple-
mentation of the roadmap developed at this workshop.
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Importance of Sustained, Long-
Term Monitoring of Earth’s
Climate Emphasized in Declaration
of the 2003 Earth Observation
Summit

We, the participants in this Earth Observation
Summit held in Washington, DC, on July 31, 2003:

Recalling the World Summit on Sustainable
Development held in Johannesburg that called for
strengthened cooperation and coordination among
global observing systems and research programmes
for integrated global observations;

Recalling also the outcome of the G-8 Summit held
in Evian that called for strengthened international
cooperation on global observation of the environ-
ment;

Noting the vital importance of the mission of organi-
zations engaged in Earth observation activities and
their contribution to national, regional and global
needs,

Affirm the need for timely, quality, long-term, global
information as a basis for sound decision making. In
order to monitor continuously the state of the Earth,
to increase understanding of dynamic Earth process-
es, to enhance prediction of the Earth system, and to
further implement our environmental treaty obliga-
tions, we recognize the need to support:

(1) Improved coordination of strategies and systems
for observations of the Earth and identification of
measures to minimize data gaps, with a view to
moving toward a comprehensive, coordinated, and
sustained Earth observation system or systems,

(2) A coordinated effort to involve and assist devel-
oping countries in improving and sustaining their
contributions to observing systems, as well as their
access to and effective utilization of observations,
data and products, and the related technologies by
addressing capacity-building needs related to Earth
observations,

(3) The exchange of observations recorded from
in-situ, aircraft, and satellite networks, dedicated to
the purposes of this Declaration, in a full and open
manner with minimum time delay and minimum cost,
recognizing relevant international instruments and
national policies and legislation; and

(4) Preparation of a 10-year Implementation Plan,
building on existing systems and initiatives, with the
Framework being available by the Tokyo ministerial
conference on Earth observations to be held during
the second quarter of 2004, and the Plan being
available by the ministerial conference to be hosted
by the European Union during the fourth quarter of
2004.

To effect these objectives, we establish an ad hoc
Group on Earth Observations and commission the
group to proceed, taking into account the existing
activities aimed at developing a global observing
strategy in addressing the above. We invite other
governments to join us in this initiative. We also
invite the governing bodies of international and
regional organizations sponsoring existing Earth
observing systems to endorse and support our
action, and to facilitate participation of their experts
in implementing this Declaration.



Extended Summary
L Introduction

Is the Earth’s climate changing? If so, at
what rate? Are the causes natural or human-
induced? What will the climate be like in
the future? These are critical environmental
and geopolitical issues of our times.
Increased knowledge, in the form of
answers to these questions, is the founda-
tion for developing appropriate response
strategies to global climate change.
Accurate global observations from space
are a critical part of the needed knowledge
base.

Measuring the small changes associated
with long-term global climate change from
space is a daunting task. For example, the
satellite instruments must be capable of
observing atmospheric temperature trends
as small as 0.1° C/decade, ozone changes as
little as 1%/decade, and variations in the
sun’s output as tiny as 0.1%/decade.

The importance of understanding and
predicting climate variation and change has
escalated significantly in the last decade. In
2001, the White House requested the
National Academy of Sciences (NAS)
National Research Council (NRC) (NRC,
2001a) to review the uncertainties in cli-
mate change science. One of the three key
recommendations from the NRC’s report is
“ensure the existence of a long-term moni-
toring system that provides a more defini-
tive observational foundation to evaluate
decadal- to century-scale changes, including
observations of key state variables and
more comprehensive regional measure-
ments.” To accelerate Federal research and
reduce uncertainties in climate change sci-
ence, in June 2001, President George W.
Bush created the Climate Change Research
Initiative (CCRI).

To develop recommendations for
improving the calibration of satellite instru-
ments to meet the challenge of measuring
global climate change, the National Institute
of Standards and Technology (NIST),
National Polar-orbiting Operational
Environmental Satellite System-Integrated
Program Office (NPOESS-IPO), National
Oceanic and Atmospheric Administration
(NOAA), and National Aeronautics and
Space Administration (NASA) organized a
workshop at the University of Maryland Inn
and Conference Center, College Park, MD,
November 12-14, 2002. Some 75 scientists,
including researchers who develop and ana-
lyze long-term data sets from satellites,
experts in the field of satellite instrument
calibration, and physicists working on state
of the art calibration sources and standards,
participated in the workshop. Workshop
activities consisted of keynote papers, invit-
ed presentations, breakout groups, and
preparation of draft input for a workshop
report. The keynote papers and invited pre-
sentations provide extensive background
information on issues discussed at the
workshop and are posted on the NIST web-
site:
http://physics.nist.gov/Divisions/Div844/glo
bal/mgcc.html. (Please Note: To access this
site, you have to input user name: mgccout-
line, and password: div844mgcc)

This workshop report has a single clearly
defined goal:

* Recommend directions for future
improvements in satellite instrument
characterization, calibration, inter-cali-
bration, and associated activities, to
enable measurements of global climate
change that are valid beyond reason-
able doubt

Although many of the recommendations
are directed at the NPOESS program, the
nation’s converged future civilian and mili-



tary polar-orbiting operational environmen-
tal satellite system, must also apply to sus-

tained space-based climate change observa-
tions in general.

To achieve this goal, the report first:

* Defines the required absolute accura-
cies and long-term stabilities of global
climate data sets

 Translates the data set accuracies and
stabilities to required satellite instru-
ment accuracies and stabilities, and

* Evaluates the ability of current observ-
ing systems to meet these requirements

The focus is on passive satellite sensors
that make observations in spectral bands
ranging from the ultraviolet to the
microwave. The climate change variables
of interest include:

* Solar irradiance, Earth radiation budg-
et, and clouds (total solar irradiance,
spectral solar irradiance, outgoing
longwave radiation, net incoming solar
radiation, cloudiness)

» Atmospheric variables (temperature,
water vapor, ozone, aerosols, precipita-
tion, and carbon dioxide)

 Surface variables (vegetation, snow
cover, sea ice, sea surface temperature,
and ocean color)

This list is not exhaustive. The variables
were selected on the basis of the following
criteria: 1) importance to decadal scale cli-
mate change, 2) availability or potential
availability of satellite-based climate data
records, and 3) measurability from passive
satellite sensors. The workshop breakout
groups were aligned with the above three
groups of climate variables.

While there have been a number of pre-
vious reports that have also discussed accu-
racy and stability measurement require-
ments for long term climate data sets (for
example, Hansen et al., 1993; Jacobowitz,

1997; NPOESS, 2001) and calibration
issues (Guenther et al., 1997; NRC, 2000;
NRC, 2001b), the present document is an
end to end report. It not only covers the lat-
est thinking on measurement requirements
but also provides general directions to
improve satellite instrument characteriza-
tion, calibration, vicarious calibration, inter-
instrument calibration and associated activi-
ties to meet the requirements. This general
roadmap provides guidance to the national
agencies concerned with the development
of the space system and related calibration
program to measure global climate change:
NPOESS-IPO, NOAA, NIST, and NASA.

Measuring small changes over extended
time periods necessarily involves the con-
cepts of accuracy and stability of time
series. Accuracy is defined as the “closeness
of the agreement between the result of the
measurement and the true value of the mea-
surand” (ISO, 1993). It may be thought of
as the closeness to the truth and is measured
by the bias or systematic error of the data,
that is, the difference between the short-
term average measured value of a variable
and the truth. The short- term average is the
average of a sufficient number of successive
measurements of the variable under identi-
cal conditions such that the random error is
negligible relative to the systematic error.
Stability may be thought of as the extent to
which the accuracy remains constant with
time. Stability is measured by the maxi-
mum excursion of the short- term average
measured value of a variable under identical
conditions over a decade. The smaller the
maximum excursion, the greater the stabili-
ty of the data set.

It is to be understood that the methods to
establish the true value of a variable (the
measurand) should be consistent with the
internationally adopted methods and stan-
dards, thus establishing System of Units
(SI) traceability (BIPM, 1998; NIST, 1995).



According to the resolution adopted by the
20th Conference Generale des Poids et
Measures (CGPM) - the international stan-
dards body in Paris - “that those responsible
for studies of Earth resources, the environ-
ment and related issues ensure that meas-
urements made within their programmes are
in terms of well-characterized SI units so
that they are reliable in the long term, be
comparable world-wide and be linked to
other areas of science and technology
through the world’s measurement system
established and maintained under the
Convention du Metre” (CGPM, 1995).

For this report, the spatial scale of inter-
est is generally global averages. This is not
to say that regional climate change is not
important. On the contrary, just as all poli-
tics is local, all climate changes are regional
(e.g., desertification, monsoonal changes,
ocean color (coral death), and snow/ice
cover (retreating snowlines and decreasing
sea ice cover/receding glaciers)). Since
trends in globally averaged data will gener-
ally be smaller than those of regional aver-
ages, meeting global average requirements
will insure meeting regional climate moni-
toring requirements.

It should be pointed out that achieving
the instrument measurement requirements
does not guarantee determining the desired
long- term trends. Superimposed on these
trends is climatic noise - short-term climate
variations - that may mask the signal we are
trying to detect or reduce our confidence in
the derived trend.

IL. Overarching Principles

The Workshop developed a set of basic
axioms or overarching principles that must
guide high quality climate observations in
general. The principles include many of the

10 climate observing principles outlined in
the NRC report on climate observing sys-
tems (NRC, 1999) and the additional princi-
ples for satellite-based climate observations
that were adopted by the Global Climate
Observing System (GCOS, 2003). But in
some cases they go beyond both of those
recommendations, especially relative to the
NOAA, NASA and NPOESS satellite sys-
tems.

Adherence to these principles and imple-
mentation of the roadmap for calibration
improvements will ensure that satellite
observations are of sufficient accuracy and
stability not only to indicate any climate
change that has occurred, but also to prove
it beyond reasonable doubt and permit eval-
uation of climate forcing and feedbacks.

These key climate observation principles
are given below. Some of these, while
specifically directed at NPOESS, a major
future contributor to the nation’s climate
monitoring program, are also applicable to
all satellite climate-monitoring systems.

SATELLITE SYSTEMS

 Establish clear agency responsibilities
for the U.S. space-based climate
observing system

* Acquire multiple independent space-
based measurements of key climate
variables

* Ensure that launch schedules reduce
risk of a gap in the time series to less
than 10% probability for each climate
variable

* Add highly accurate measurements of
spectrally resolved reflected solar and
thermal infrared radiation to NPOESS
Environmental Data Record (EDR) list

* Increase U.S. multi-agency and inter-
national cooperation to achieve a rig-
orous climate observing system



CALIBRATION

 Elevate climate calibration require-
ments to critical importance in
NPOESS

» Develop characterization requirements
for all instruments and insure that
these are met

* Conduct pre-launch calibration round
robins (calibrations of different instru-
ments using the same SI traceable
scale) for most NPOESS and
Geostationary Operational
Environmental Satellite - R (GOES-R)
instruments using NIST transfer
radiometers

» Simplify the design of climate
monitoring instruments

Implement redundant calibration
systems

Establish means to monitor the stability
of the sensors.

CLIMATE DATA RECORDS (CDRs)

Define measurement requirements for
CDRs

Establish clear responsibility and
accountability for generation of climate
data records

Arrange for production and analysis of
each CDR independently by at least
two sources

Organize CDR science teams

Develop archive requirements for
NPOESS CDRs.

" National Investment

The U, S. has made and cﬁntmues to make mvestments in ClV]l
operational satellites observing.systems. :

Such systems allow usito,

describe
understand’
forecast
ASSERS | !

the eartﬁ and its-environment . ,

Operational environmental satellites can provide sustained long-term climate observations, but clear
agency responsibilities must be established
(Withee, Workshop Invited Presentation).
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III. Required accuracies and stabili-
ties for climate variables

The required accuracies and stabilities of
the climate variable data sets were estab-
lished with consideration of changes in
important climate signals based on current
understanding and models of long-term
climate change. Such signals include:

» Climate changes or expected trends

predicted by models

» Significant changes in climate forcing

or feedback variables (e.g., radiative
effects comparable to that of increasing
greenhouse gases)

 Trends similar to those observed in

past decades.

The first step in the process is specifying
the anticipated signal in terms of expected
change per decade. The second step is
determining the accuracies and stabilities
needed in the data set to permit detection of
the signal. Excellent absolute accuracy in
the measurement of the climate variable is
vital for understanding climate processes
and changes. However, it is not as neces-
sary for determining long-term changes or
trends as long as the data set has the
required stability. And, when it comes to
building satellite instruments, stability
appears to be less difficult to achieve than
accuracy. The difficulty arises because of
the many known and unknown systematic
uncertainties that are to be accounted for in
the calibration of the instrument on the

Stability

P\
=

high -

high oW

detecting
change

Uncertainty

low

understanding | understanding
processes

change

Desired characteristics of a climate observing
system (After G. Stephens, 2003)

Excellent absolute accuracy (a component of uncertainty, which also depends
on precision, or random error) in the measurement of climate variables is vital
for understanding climate processes and changes. However, it is not as
necessary for determining long-term changes or trends as long as the data set
has the required stability.




ground to establish its absolute accuracy
and transfer and monitor the calibration on
orbit. Stability, on the other hand, is the
measure of repeatability and reproducibility
of the metrological characteristics of the
instrument with time. Thus, a key attribute
for the climate data sets is long-term stabili-
ty. The required stability is some fraction of
the expected signal, assumed to be 1/5 in
this report. If we cannot achieve the above
stability - for example, if we can only
achieve a stability of 0.5 of the signal -
there would be an increased uncertainty in
the determination of the decadal rate of
change.

The factor 1/5, or 20%, is somewhat
arbitrary. It should be periodically reevalu-
ated. If the climate signal is one unit per

decade, a 20% stability would imply an
uncertainty range of 0.8 to 1.2, or a factor
1.5, in our estimate of the signal. One basis
for choosing such a factor is related to the
uncertainty in climate model predictions of
climate change. Thirty-five climate model
simulations yield a total range of 1.4 K to
5.8 K, or factor of about 4, in the change in
global temperature by 2100 (IPCC, 2001).
Thus, a stability of 20% should lead to a
considerable narrowing of the possible
climate model simulations of change.
Achieving the stability requirement does not
guarantee determining these long- term trends.
Superimposed on these trends is climatic
noise - short-term climate variations - that
may mask the signal we are trying to detect or
reduce our confidence in the derived trend.

[Lunar Calibration

Once a month. the ScaWil'S satellite 1s rotated to observe the Moon

* 5 years of observations
show reasonable sensor

stability = F
. . = D96

— long term calibration B ;
stability is better than 1.0% = ;q.[

— absolute calibration
uncertainty is 4%

— short term calibration 2
stability is better than 1
count

Marrdlized

Days Since First Image

» Variations are incorporated into processing algorithms

* Time-dependent gain and offset terms are updated as required
» Calibration tables are distributed through the Goddard DAAC

The moon is a stable light source that can be used to monitor and correct for
changes in satellite sensor stability (McClain, Workshop Invited Presentation).



Although excellent absolute accuracy is
not critical for trend detection, which was
the subject of the workshop, it is crucial for
understanding climate processes and
changes. Continuous efforts should be
undertaken to constantly improve the accu-
racy of satellite instruments.

Table 1 summarizes the required accura-
cies and stabilities of the data sets for the
solar irradiance, Earth radiation budget, and
cloud variables; the atmospheric variables;
and the surface variables. The table also
indicates which one of the above climate
signals - climate changes, climate forcings,
climate feedbacks, or trends similar to
recent trends - forms the basis for the
requirement.

IV. Translation of climate data set
accuracies and stabilities to
satellite instrument accuracies
and stabilities

The requirements for the data sets must
be translated into required accuracies and
stabilities of the satellite measurements. In
some cases, for example, solar irradiance
and top of the atmosphere Earth radiation
budget, there is a one to one correspon-
dence. For other climate variables, this
translation is more complex. And for a few
of the variables, additional studies are need-
ed to determine the mapping of data set
accuracies/stabilities into satellite accura-
cies/stabilities.

Because of the difficulties in achieving
necessary accuracies (exo-atmospheric total
solar irradiance is one example, (Quinn and
Frohlich, 1999)), a key attribute for the
satellite instruments is long-term stability.
This may be achieved by either having an
extremely stable instrument or by monitor-
ing the instrument’s stability, by various
methods, while it is in orbit. An ideal exter-

nal calibration source is one that is nearly
constant in time and able to be viewed from
different orbit configurations. If there is
scientific evidence regarding the degree of
stability of such a source, and it is believed
to be at an acceptable level for long term-
climate studies, then the stability of the
satellite sensor can be assessed independent
of other reference standards. With such
monitoring, instrument readings can be
corrected for lack of stability. However, this
brings up a measurement challenge for
establishing the degree of stability of the
external reference source. Obviously the
methods and instruments testing the stability
of those sources must have stability require-
ments far more stringent than given in this
report. One method that has been success-
fully implemented for the reflected solar
spectral interval is lunar observations, from
orbit, with the sensor. One example is the
ocean color satellite Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), which
used lunar observations to correct for degra-
dation in the near infrared channels (Kieffer
et al., 2003). The required lunar data are
being supplied by a dedicated ground based
facility (Anderson et. al., 1999)

Since satellites and their instruments are
short-term - NPOESS satellites and
instruments have design lives of about
7 years - satellite programs launch replace-
ment satellites to continue the observations.
Thus, the long-term data record for any cli-
mate variable will consist of contributions
from a series of satellite instruments, some
using different techniques. To assess the
reproducibility of the measurement results,
to assist in understanding the differences
that arise even with instruments of similar
design, and to create a seamless data record,
it is essential that the satellites be launched
on a schedule that includes an overlap
interval of the previous and the new
instrument. Acquiring multiple independent
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space-based measurements of key climate
variables - one of the climate observing
principles listed above - would also help
insure maintenance of stability in the event
of a single instrument failure.

One proposed instrument that may have
very high accuracy and may not require
overlap periods is the proposed spectrally
resolved radiance spectrometer (Anderson
et al., 2003). Sequential flights of copies of
this instrument might maintain the climate
record without overlapping measurements.

Table 2 summarizes the required accura-
cies and stabilities of the satellite instru-
ments for solar irradiance, Earth radiation
budget, and cloud variables; the atmospher-
ic variables; and the surface variables. The
table also indicates the types of satellite
instruments used for the measurements.

V. Ability of current observing sys-
tems to meet requirements

Table 3 indicates the ability of current
satellite instruments to meet the require-

ments for accuracy and stability that are
spelled out in Table 2. Most current observ-
ing systems have not been designed to
measure the small changes over long time
periods that are of concern here. The
Clouds and the Earth’s Radiant Energy
System (CERES) instrument appears to be
meeting the accuracy requirements for
Earth radiation budget, but it has not been
in orbit long enough to determine whether it
is meeting the stability requirements.
Stability requirements are being met, or
appear to be close to being met (stabilities
labeled Yes?) for solar irradiance, cloud
cover, cloud temperature, cloud height,
atmospheric temperature, total column
water vapor, ozone, ocean color, snow
cover, and sea ice measurements. Seamless
long term data sets have been assembled for
many of these variables by stitching together
observations from successive satellites and
exploiting satellite overlap periods to
account for systematic differences between
successive instruments. However these have
been major efforts requiring a team of



researchers that includes calibration and
instrument experts and geophysicists to
carefully examine the satellite radiances, re-
evaluate the algorithms and consider the
validation data. In all cases, more than one
reprocessing was required. For most cli-
mate variables, current-observing systems
cannot meet both accuracies and stabilities.
In some cases, we don’t know whether cur-
rent systems are adequate, and studies are
needed to answer the question.

This three part process of going from
requirements for climate variables to the
ability of current systems to meet these
requirements can be illustrated with the

10

case of sea surface temperature (SST).
Climate models predict an SST increase of
about 0.2 K/decade due to global warming
(see Section 3.3.2). The data set stability
required to detect this change is 1/5 of

0.2 K, or 0.04 K/decade. For infrared imager
observations, SSTs vary approximately as
2.5 x the difference in thermal infrared
brightness temperatures, which leads to a
required stability of about 0.01 K/decade in
brightness temperature (Section 4.3.2).
Currently, none of the available satellite
infrared imagers can meet this requirement
(Section 5.3.2)



Table 1.

Required accuracies and stabilities for climate variable data sets. Column labeled

signal indicates the type of climate signal used to determine the measurement

requirements.
Signal Accuracy Stability (per decade)

SOLAR IRRADIANCE, EARTH RADIATION
BUDGET, AND CLOUD VARIABLES
Solar irradiance Forcing 1.5 W/m?2 0.3 W/m2
Surface albedo Forcing 0.01 0.002
Downward longwave flux: Surface Feedback 1 W/m?2 0.2 W/m2
Downward shortwave radiation: Surface Feedback 1 W/m?2 0.3 W/m?2
Net solar radiation: Top of atmosphere Feedback 1 W/m?2 0.3 W/m?
Outgoing longwave radiation: Top of atmosphere Feedback 1 W/m?2 0.2 W/m?2
Cloud base height Feedback 0.5 km 0.1 km
Cloud cover (Fraction of sky covered) Feedback 0.01 0.003
Cloud particle size distribution Feedback TBD TBD
o | s
Cloud ice water path Feedback 25% 5%
Cloud liquid water path Feedback 0.025 mm 0.005 mm
Cloud optical thickness Feedback 10% 2%
Cloud top height Feedback 150 m 30m
Cloud top pressure Feedback 15 hPa 3 hPa
Cloud top temperature Feedback 1 K/cloud emissivity 02. K/cloud emissivity
Spectrally resolved thermal radiance Forcing/climate change 0.1K 0.04 K
ATMOSPHERIC VARIABLES
Temperature

Troposphere Climate change 0.5K 0.04 K

Stratosphere Climate change 05K 0.08 K
Water vapor Climate change 5% 0.26%
Ozone

Total column Expected trend 3% 0.2%

Stratosphere Expected trend 5% 0.6%

Troposphere Expected trend 10% 1%
Aerosols

Optical depth (troposphere/stratosphere) Forcing 0.01/0.01 0.005/0.005

Single scatter albedo (troposphere) Forcing 0.03 0.015

Effective radius (troposphere/stratosphere) Forcing greater of 0.1 or 10%/0.1 | greater of 0.05 or 5%/0.05

Precipitation

0.125 mm/hr

0.003 mm/hr

Carbon dioxide

Forcing/Sources-sinks

10 ppmv/10 ppmv

2.8 ppmv/1 ppmv
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Table 1. (continued)
Signal Accuracy Stability (per decade)
SURFACE VARIABLES
Ocean color 5% 1%
Sea surface temperature Climate change 0.1K 0.04 K
Sea ice area Forcing 5% 4%
Snow cover Forcing 5% 4%
Vegetation Past trend 3% 1%
Table 2. Required accuracies and stabilities of satellite instruments to meet requirements of

Table 1. The instrument column indicates the type of instrument used to make the
make the measurement.

Instrument Accuracy Stability (per decade)
SOLAR IRRADIANCE, EARTH RADI-
ATION BUDGET, AND CLOUD VARI-
ABLES
Solar irradiance Radiometer 1.5 W/m?2 0.3 W/m?2
Surface albedo VIS radiometer 5% 1%

Downward longwave flux: Surface

IR spectrometer and
VIS/IR radiometer

See tropospheric temperature,
water vapor, cloud base height,
and cloud cover

See tropospheric temperature,
water vapor, cloud base
height, and cloud cover

Downward shortwave radiation:
Surface

Broad band solar and
VIS/IR radiometer

See net solar radiation: TOA,
cloud particle effective size,
cloud optical depth, cloud top
height, and water vapor

See net solar radiation: TOA,
cloud particle effective size,
cloud optical depth, cloud top
height, and water vapor

Net solar radiation: Top of atmosphere Broad band solar 1 W/m?2 0.3 W/m?2
Outgoing longwave radiation: Top of 5 P
atmosphere Broad band IR 1 W/m 0.3 W/m
Cloud base height VIS/IR radiometer 1K 02K

Cloud cover (Fraction of sky covered)

VIS/IR radiometer

See cloud optical thickness and
cloud to temperature

See cloud optical thickness and
cloud to temperature

Cloud particle size distribution

VIS/IR radiometer

TBD

TBD

Cloud effective particle size

VIS/IR radiometer

3.7 um: Water, 5%; Ice, 10%
1.6 um: Water, 2.5%; Ice, 5%

3.7 um: Water, 1%; Ice, 2%
1.6 um: Water, 0.5%; Ice, 1%

Cloud ice water path

VIS/IR radiometer

TBD

TBD

Cloud liquid water path

Microwave and VIS/IR
radiometer

Microwave: 0.3 K
VIS/IR: see cloud optical thick-
ness and cloud top height

Microwave: 0.1 K
VIS/IR: see cloud optical thick-
ness and cloud top height

Cloud optical thickness VIS radiometer 5% 1%

Cloud top height IR radiometer 1K 0.2K
Cloud top pressure IR radiometer 1K 0.2K
Cloud top temperature IR radiometer 1K 0.2K
Spectrally resolved thermal radiance IR spectroradiometer 0.1K 0.04 K
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Instrument Accuracy Stability (per decade)

ATMOSPHERIC VARIABLES
Temperature

Troposphere MW or IR radiometer 0.5K 0.04 K

Stratosphere MW or IR radiometer 1K 0.08 K
Water vapor MW racjiometer 0K 0.08 K

IR radiometer 0K 0.03 K

Ozone

Total column UVIVIS spectrometer 2;/(:, /L)()Z;ncjjeegeenn dd:nr;t)), 0.2%

Stratosphere UV/VIS spectrometer 3% 0.6%

Troposphere UV/VIS spectrometer 3% 0.1%
Aerosols VIS polarimeter Radi_omet.riF:: 3% Radi_ometrig: 1.5%

Polarimetric: 0.5% Polarimetric: 0.25%
Precipitation MW radiometer 1.25K 0.03 K
Carbon dioxide IR radiometer 3% Sourlz:;(;isrilr?l:(;:‘yooi%%
SURFACE VARIABLES
Ocean color VIS radiometer 5% 1%
Sea surface temperature IR radiometer 0.1K 0.01 K
MW radiometer 0.03 K 0.01 K
Sea ice area VIS radiometer 12% 10%
Snow cover VIS radiometer 12% 10%
Vegetation VIS radiometer 2% 0.8%
Table 3.  Ability of current observing systems to meet accuracy and stability requirements.
Accuracy Stability

SOLAR IRRADIANCE, EARTH RADIATION BUDGET, AND CLOUD VARIABLES
Solar irradiance No Yes
Surface albedo Yes TBD
Downward longwave flux: Surface No No
Downward shortwave radiation: Surface No No
Net solar radiation: Top of atmosphere Yes Yes?
Outgoing longwave radiation: Top of atmosphere Yes Yes?
Cloud base height No No
Cloud cover (Fraction of sky covered) No Yes?
Cloud particle size distribution TBD TBD
Cloud effective particle size TBD TBD
Cloud ice water path No No
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Accuracy

Stability

No (except thicker

Cloud liquid water path No clouds over oceans)
Cloud optical thickness No TBD
Cloud top height No Yes?
Cloud top pressure No Yes?
Cloud top temperature No Yes?
Spectrally resolved thermal radiance No No
ATMOSPHERIC VARIABLES
Temperature
Troposphere Yes Yes? (Deep layer means)
Stratosphere Yes Yes? (Deep layer means)
Water vapor
Total column Yes Yes
Profile ? ?
Ozone
Total column No Yes?
Stratosphere No Yes?
Troposphere No No
Aerosols
Optical depth No No
Single scatter albedo No No
Effective radius No No
Precipitation No ?
Carbon dioxide ? ?
SURFACE VARIABLES
Ocean color Yes Yes?
Sea surface temperature No No
Sea ice area Yes Yes
Snow cover Yes Yes
Vegetation ? No
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VI.  Roadmap for future
improvements in satellite
instrument calibration and inter-
calibration to meet requirements

It is quite clear from the previous section
that we are currently unable to meet the
measurement requirements for most of the
climate variables. Each of the three work-
shop panels made recommendations for
improving satellite instrument characteriza-
tion, calibration, inter-calibration, and asso-
ciated activities, and these are summarized
here. Action on these recommendations and
on the overarching principles listed above
would permit us to detect climate change
signals at a much earlier stage than is possi-
ble now.

Solar Irradiance, Earth Radiation Budget,
And Cloud Variables

Solar irradiance
» Schedule a 1-year overlap in observa-
tions of both solar irradiance and
spectral solar irradiance
* Conduct two independent series of
observations to verify accuracy and
stability

Surface albedo
» Implement satellite observations of the
moon for monitoring visible/near
infrared instrument stability
* Maintain the same satellite orbits in
sequential missions

Downward longwave radiation and
downward short wave radiation at the

surface ) o
¢ Perform studies to assess the sensitivi-

ty of downward longwave radiation to
boundary layer temperature and water
vapor changes, and downward short
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wave radiation to cloud optical depth,
cloud particle size, and aerosol optical
depth

 Evaluate the capability of 4-D data
assimilation models to constrain
boundary layer temperature and
humidity, and active instruments, such
as Geoscience Laser Altimeter System
(GLAS), Cloudsat, and Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite
Observations (Calipso), to constrain
cloud base for determination of down-
ward longwave radiation

» Assimilate aerosol profile data from
active instruments, such as GLAS and
Calipso, into 4-D NWP models to con-
strain aerosol effects on downward
short wave radiation

» Expand the Baseline Surface Radiation
Network (BSRN) from the current 20
land sites, especially to ocean loca-
tions

Net solar radiation and outgoing longwave
radiation at top of the atmosphere (Earth
radiation budget)

* Plan minimum satellite overlap periods
of three months for net solar radiation
and one month for outgoing longwave
radiation

 Fully characterize NPOESS Earth radi-
ation budget detectors (Total and Short
Wave channels) for stability with solar
exposure as well as time in vacuum

+ Conduct a 2nd set of Earth radiation
budget observations independent of
NPOESS Earth radiation budget meas-
urements. One possibility is full broad-
band spectrometers for observations of
Earth reflected solar radiation and
Outgoing Longwave Radiation (OLR)

* Enhance NIST spectral sources and
transfer radiometers to cover the full
reflected solar and emitted thermal IR
spectra of the Earth



Cloud base height

Pursue the development and applica-
tion of active instruments such as
satellite lidar and cloud radar appear to
be the only methods currently capable
of meeting the cloud base height
requirements

Cloud cover, cloud particle size distribution,
cloud effective particle size, cloud ice water
path, and cloud liquid water path

Perform additional studies to translate
cloud data set requirements into instru-
ment accuracy/stability requirements
Verify Moderate Resolution Imaging
Spectroradiometer (MODIS) cloud
measurements against GLAS, Calipso
and Cloudsat observations

Evaluate NIST standards at 1.6 pm,
2.1 um, and 3.7 um to determine if
improvements are needed to meet
accuracy/stability requirements for
cloud effective particle size

Assess the various instrumental
approaches - VIS/IR, microwave and
active systems - to meet cloud require-
ments

Implement multiple calibration refer-
ences - lunar measurements, calibra-
tion lamps, and solar diffusers - for
monitoring on-orbit stability of VIS
radiometers

Cloud top height, cloud top pressure, and
cloud top temperature

Insure sufficient overlap to meet

0.2 K/decade stability requirement
Verify zero radiance levels for IR
radiometers using deep space scanning
Develop on-board black body radiation
sources whose temperature can be var-
ied over a controlled range
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Spectrally resolved outgoing longwave
radiation

Establish a spectrally resolved absolute
IR radiance scale by laboratory com-
parisons of “source-based” radiance
scales (the SI traceable standard is a
blackbody source) and “detector-
based” radiance scales (the SI trace-
able standard is the cryogenic
radiometer that measures optical
power in terms of electrical power in
Watts)

Conduct similar measurements inde-
pendently with instruments that use
different technologies

Atmospheric Variables

Atmospheric temperature

Plan for satellite overlap periods of
(optimally) one year

Microwave instruments

Characterize more accurately the non-
linear response of microwave radiome-
ters by pre-launch measurements
Maintain on-orbit temperature differ-
ences across the black body target to
less than or equal to 0.1 K

Reduce effects of extraneous
microwave radiation reaching the
detector by performing more accurate
pre-launch measurements of feedhorn
spillover off the antennas and calibra-
tion targets

Maintain spatial and temporal
temperature changes of radiometer
sub-components to less than 0.3 K
Determine earth incidence angle of
observation to accuracy of 0.3 degrees

Infrared instruments

Perform careful laboratory measure-
ments of spectral response functions



and develop filters that remain stable
in space

* (alibrate laboratory blackbody target
radiances with the NIST portable cali-
brated radiometer, the Thermal
Transfer Radiometer (TXR)

* Minimize scattered radiation from
solar heated components of the IR
sounder and thermal gradients within
the Internal Calibration Target (ICT) to
increase accuracy of on-orbit radiances
of the ICT

» Accurately characterize in the labora-
tory non-linearities of instrument
response as functions of instrument
and scene temperatures

* Avoid scan angle effects on instrument
throughput by intelligent instrument
design and/or on-orbit processing

Water vapor

* Microwave radiometer issues for water
vapor are not as stringent as for tem-
perature, but the recommendations
above carry through for water vapor

* IR instrument recommendations for
temperature carry through for water
vapor

Ozone

» Improve the consistency of pre-flight
calibrations of all UV/VIS ozone
instruments and employ standard and
well documented procedures

* Increase the accuracy of pre-flight cal-
ibration of albedo (radiance/irradiance)
measurements of UV/VIS ozone
instruments

* Improve pre-flight characterization of
wavelength scales, bandpasses, fields
of view uniformity, non-linearity of
responses, out-of band and out-of-field
stray light contributions, imaging and
ghosting, and diffuser goniometry

* Add zenith sky viewing to pre-launch
instrument testing

* Calibrate and characterize new instru-
ments (those with advanced technolo-
gies such as Ozone Mapping Profile
Suite (OMPS)) more fully in laborato-
ry vacuum, including the temperature
sensitivity of wavelength and radio-
metric stability, and instrument
response to different ozone amounts

» Develop methods to validate satellite
measured radiances using ground
based measurements

Aerosols

 Aerosol optical depth measurements
are derived from solar spectral
reflectance observations - thus, recom-
mendations concerning VIS/NIR
instruments listed above are applicable

* Develop methods for accurate pre-
flight laboratory calibration and
characterization of polarimetric
instruments

» Develop methods for on-orbit
calibration of polarimeters

Precipitation
* Precipitation measurements are
derived from microwave radiometer
observations - thus, recommendations
concerning microwave radiometers
listed above are applicable

Carbon dioxide
 Assess the capability of hyperspectral
IR instruments such as Atmospheric
Infrared Sounder (AIRS) to detect CO,

variations

* Implement an extensive validation pro-
gram, including airborne, tall tower,
and ground based Fourier Transform
InfraRed (FTIR) spectrometric meas-
urements to fully characterize spatial



and temporal biases in satellite CO,
measurements

» Report and fully document error
characteristics of satellite CO, meas-
urements to facilitate effective data
assimilation techniques

» Develop new active techniques (e.g.,
lidar) to measure CO, in the
atmosphere.

Surface Variables

The surface measurements are derived
from VIS/IR and microwave radiometers -
thus, recommendations concerning VIS/NIR
and microwave radiometers listed above are
applicable. In addition, the following rec-
ommendations apply to individual surface
variables:

Sea Surface Temperature (SST)

* Characterize more definitively the
accuracy of satellite SST measure-
ments by initiating an on-going
validation program using radiometric
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measurements of ocean skin
temperature from ships and other
platforms as ground truth

Ocean color
* Increase confidence in ocean color
measurements by expanding the
Marine Optical Buoy (MOBY) type
surface validation program to more
ocean sites

Normalized Difference Vegetation Index
(NDVI)

» Explore the validation of satellite
based observations of surface
Normalized Difference Vegetation
Index (NDVI) by ground based
observations of NDVI using VIS/IR
instruments similar to the satellite
instruments

It is recommended that a follow-up
workshop be conducted to discuss imple-
mentation of the above roadmap developed
at this workshop.



1. Background, Goal, and Scope

Is the Earth’s climate changing? If so, at
what rate? Are the causes natural or human-
induced? What will the climate be like in
the future? These are critical science and
geopolitical issues of our times. Increased
knowledge, in the form of answers to these
questions, is the foundation for developing
appropriate response strategies to global cli-
mate change. Accurate global observations
from space are a critical part of the needed
knowledge base.

Observing the small signals of long-term
global climate change places enormous
stress on satellite observing systems. Global
temperature changes of tenths of a degree
Centigrade per decade, ozone changes of
1%/decade, and solar irradiance variations
of 0.1%/decade are typical of the kinds of
signals that must be extracted from noisy
time series. Measuring these signals will
require much improved calibration of satel-
lite instruments, and inter-calibration of
similar instruments flying on different satel-
lites. Ability to observe these small signals
of decadal scale climate change will also
give us the capability of measuring the larg-
er signals associated with shorter-term cli-
matic variations, such as those associated
with El Nino.

This report has a single clearly defined

ultimate goal:

* Recommend directions for future
improvements in satellite instrument
characterization, calibration, inter-cali-
bration, and associated activities, to
enable measurements of global climate
change that are valid beyond reason-
able doubt.

This report summarizes the requirements
and general directions for improvements;
future meetings should be planned to
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address the specific instrument calibration
issues associated with the requirements.
Although some of the recommendations are
directed at the NPOESS program, the
nation’s converged future civilian and mili-
tary polar environmental satellite system,
they also apply to space-based climate
change observations in general.

To achieve its goal, the report first:

* Defines the required absolute accura-
cies and long-term stabilities of global
climate data sets

* Translates the data set accuracies and
stabilities to required satellite instru-
ment accuracies and stabilities, and

 Evaluates the ability of current observ-
ing systems to meet these requirements

The report focuses on passive satellite
sensors that make observations in spectral
bands ranging from the ultraviolet to the
microwave. The climate change variables
of interest include:

* Solar irradiance, Earth radiation budget,
and clouds (total solar irradiance, spec-
tral solar irradiance, outgoing longwave
radiation, net incoming solar radiation,
cloudiness)

» Atmospheric variables (temperature,
water vapor, ozone, aerosols, precipita-
tion, and carbon dioxide), and

 Surface variables (vegetation, snow
cover, sea ice, sea surface temperature,
and ocean color)

This list is not exhaustive. The variables
were selected on the basis of the following
criteria: 1) importance to decadal scale
climate change, 2) availability of satellite-
based climate data records, and 3) measura-
bility from passive satellite sensors.

The report is based on a workshop held
at the University of Maryland Inn and
Conference Center, College Park, MD,



November 12-14, 2002. NIST, NPOESS-
IPO, NOAA, and NASA organized the
workshop; the NPOESS-IPO and NIST pro-
vided financial support. Some 75 scientists,
including researchers who develop and ana-
lyze long-term data sets from satellites,
experts in the field of satellite instrument
calibration, and physicists working on state
of the art calibration sources and standards,
participated in the workshop.

The workshop agenda included a series
of invited lectures followed by panel ses-
sions. Keynote speakers Richard Goody,

Professor Emeritus, Harvard University, and
Tom Karl, Director, National Climatic Data
Center, NOAA, led off the workshop with
discussions of Issues with Space Radiance
Monitoring, and Improving the Climate
Contribution of Operational Satellites: A
Data Perspective, respectively. Steve
Mango, NPOESS-IPO, presented an
overview of NPOESS/NPOESS Preparatory
Program (NPP) Status/Plans
Calibration/Validation. Viewpoints of two
of the organizing agencies were contained
in papers by Greg Withee, NOAA Assistant

Future: All measurements for Global Climate Change
verifiably traceable to Sl Units through NMIs

... to ensure that instrument calibrations are accurate, traceable
throughout the world, and maintained in a historical record.

National Institute of (- b

Standards and Technology

“those responsible for studies of Earth resources, the environment and related issues
[should] ensure that measurements made within their programmes are in terms of
well-characterized SI units so that they are reliable in the long term, be comparable world-
wide and be linked to other areas of science and technology through the world’s
measurement system established and maintained under the Convention du Metre”
(CGPM, 1995) ( Semerjian, Workshop Invited Presentation).



Administrator for Satellite and Information
Services (presented by Tom Karl) on the
NOAA Perspective on a Global Observation
System, and Hratch Semerjian, Director,
Chemical Science and Technology
Laboratory, NIST, on NIST Activities relat-
ed to Global Climate Change. Invited
speakers discussed current knowledge of
long term variations of each climate vari-
able, data set accuracy and stability needed
to measure long term changes in the vari-
able, translation of these requirements into
accuracies and stabilities for satellite instru-
ments, current state of the art of satellite
instruments, and required improvements in
instrument characterization, calibration,
intercalibration, and associated activities.
The invited presentations, a rich resource,
are on the NIST web site,
http://physics.nist.gov/Divisions/Div844/glo
bal/mgcc.html. (Please Note: To access this
site, you have to input user name: mgccout-
line, and password: div844mgcc)

Following the invited presentations,

three panels met in parallel sessions:

* Solar irradiance, Earth radiation budg-
et, and clouds. Chair: Bruce Wielicki,
Scribe: Marty Mlynczac

» Atmospheric variables. Chair: Roy
Spencer, Scribe: Gerald Fraser

* Surface Variables. Chair: Bill Emery,
Scribe: Dan Tarpley

Each panel included experts on climate
data sets and satellite instrument calibra-
tion issues. Panels discussed workshop
issues, drafted material for a workshop
report, and reported to plenary sessions.
After the workshop, panel leaders prepared
draft chapters for the workshop report.

The Workshop agenda and list of partici-
pants are included in Appendices A and B,
respectively.
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While there have been a number of
previous reports that have also discussed
accuracy and stability measurement require-
ments for long term climate data sets (for
example, Hansen et al., 1993; Jacobowitz,
1997; NPOESS, 2001) and calibration
issues (Guenther et al., 1997; NRC, 2000;
NRC, 2001b), this report not only provides
the latest thinking on measurement require-
ments but also provides general directions
to improve satellite instrument characteri-
zation, calibration, vicarious calibration,
inter-instrument calibration, and associated
activities to meet the requirements. This
general roadmap provides guidance to the
national agencies concerned with the devel-
opment of the space system and associated
satellite instrument calibration program to
measure global climate change: NPOESS-
IPO, NOAA, NIST, and NASA.

Measuring small changes over extended
time periods necessarily involves the con-
cepts of accuracy and stability of time
series. Accuracy is defined as the “closeness
of the agreement between the result of the
measurement and the true value of the mea-
surand” (ISO, 1993). It may be thought of as
the closeness to the truth and is measured by
the bias or systematic error of the data, that
is, the difference between the short-term
average measured value of a variable and the
truth. The short- term average is the average
of a sufficient number of successive meas-
urements of the variable under identical
conditions such that the random error is
negligible relative to the systematic error.
Stability may be thought of as the extent to
which the accuracy remains constant with
time. Stability is measured by the maximum
excursion of the short- term average meas-
ured value of a variable under identical
conditions over a decade. The smaller the
maximum excursion, the greater the stability
of the data set.



It is to be understood that the methods to
establish the true value of a variable (the
measurand) should be consistent with the
internationally adopted methods and stan-
dards, thus establishing System of Units
(SI) traceability (BIPM, 1998, NIST, 1995).
According to the resolution adopted by the
20th Conference Generale des Poids et
Measures (CGPM) - the international
standards body in Paris - “that those
responsible for studies of Earth resources,
the environment and related issues ensure
that measurements made within their pro-
grammes are in terms of well-characterized
SI units so that they are reliable in the long
term, be comparable world-wide and be
linked to other areas of science and technol-
ogy through the world’s measurement sys-
tem established and maintained under the
Convention du Metre” (CGPM, 1995).

For this report, the spatial scale of inter-
est is generally global averages. This is not
to say that regional climate change is not
important. On the contrary, just as all poli-
tics is local, all climate changes are regional
(e.g., desertification, monsoonal changes,
ocean color (coral death), and snow/ice
cover (retreating snowlines and decreasing
sea ice cover/receding glaciers)). Since
trends in globally averaged data will
generally be smaller than those of regional
averages, meeting global average require-
ments will insure meeting regional climate
monitoring requirements.
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It should be pointed out that achieving
the instrument measurement requirements
does not guarantee determining the desired
long-term trends. Superimposed on these
trends is climatic noise - short-term climate
variations - that may mask the signal we are
trying to detect or reduce our confidence in
the derived trend.

The remainder of the report is structured
as follows:

Section 2 presents overarching principles
that must guide high quality satellite cli-
mate observations in general. Adherence to
these principles and implementation of the
roadmap for calibration improvements will
ensure that satellite observations are of suf-
ficient accuracy and stability not only to
indicate any climate change that has
occurred, but also to prove it beyond rea-
sonable doubt and permit evaluation of cli-
mate forcing and feedbacks.

Section 3 develops the requirements for
accuracy and stability of the individual cli-
mate variables. Various rationales are used
to determine these requirements including
ability to measure:

» Climate changes or expected trends

predicted by models

* Significant changes in climate forcing

or feedback variables (e.g., radiative
effects comparable to that of increas-
ing greenhouse gases)

* Trends similar to those observed in

past decades
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Significant changes in climate forcing or feedback of a variable (comparable to that of
greenhouse gases) is one criterion for determining measurement requirements (Cairns,
Workshop Invited Presentation).

The values for stability are given per
decade. The required accuracies and long-
term stabilities in the NPOESS IORD II
(NPOESS, 2001) were a resource for the
workshop panels.

Section 4 discusses the satellite instru-
ment accuracy and stability requirements
for meeting the data set requirements of
section 3. For top of the atmosphere radia-
tion budget variables and for variables that
are linearly related to the satellite measure-
ments, there is a one to one correspondence
with the data set requirements. For variables
that are related to the satellite measure-
ments in a non-linear way, translation of
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data set requirements into satellite instru-
ment requirements is more complex.

Section 5 reviews the ability of current
observing systems to meet the instrument
requirements of section 4.

Based on the instrument requirements of
section 4 and the current state of the art in
section 5, section 6 presents recommenda-
tions, or a roadmap, for future improve-
ments in satellite instrument characteriza-
tion, calibration, inter-calibration, and asso-
ciated activities to meet the requirements.

Almost all of the illustrations in the
report are relevant figures from the work-
shop’s invited presentations.



GCOS Satellite Climate
Monitoring Principles

Minimize orbit drift
Ensure sufficient overlap
Replace prior to failure

Rigorous pre-launch
calibration

Adequate on-board
calibration
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Operational production of
priority climate products

Facilitate access to products,
metadata, and raw data

Continue baseline instrument
observations on
decommissioned satellites

Need in situ baseline
observations

Real-time monitoring of
network performance

National Climatic Data Center |

The workshop’s overarching principles include many of the climate monitoring
principles in NRC (1999) and GCOS (2003), but in some cases go beyond these
(Karl, Workshop Invited Presentation).

2. Overarching Principles

The Workshop developed a set of basic
axioms or overarching principles that must
guide high quality climate observations in
general. The principles include many of the
10 climate observing principles outlined in
the NRC report on climate observing sys-
tems (NRC, 1999) and the additional princi-
ples for satellite-based climate observations
that were adopted by the Global Climate
Observing System (GCOS, 2003). But in
some cases they go beyond both of those
recommendations, especially relative to the
NOAA, NASA and NPOESS satellite sys-
tems.

Adherence to these principles and imple-
mentation of the roadmap for calibration
improvements will ensure that satellite
observations are of sufficient accuracy and
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stability not only to indicate that climate
change has occurred, but also to prove it
beyond reasonable doubt and permit evalua-
tion of climate forcing and feedbacks.

These key climate observation principles
are given below. Some of these, while
specifically directed at NPOESS, a major
future contributor to the nation’s climate
monitoring program, are also applicable to
all satellite climate-monitoring systems.

SATELLITE SYSTEMS

1. Establish clear agency responsibil-
ities for the U.S. space-based cli-
mate observing system. A major
challenge to achieving a climate
observing system is the current dif-
fusion of responsibility across many
agencies in the U.S. No single
agency has the responsibility, fund-



ing, and full accountability for suc-
cess in the climate change “mis-
sion.” This leads to great difficulties
in an observing system required to
be diverse and yet accurate and
complete enough to cover oceans,
land, biosphere, cryosphere and
atmosphere. At this point we have
to conclude that a rigorous climate
observing system is not yet in place,
nor is a plan in place to create one
with a high confidence of success.
The current climate observing sys-
tem is an informal arrangement of
research (e.g. NASA Earth
Observing System (EOS) and opera-
tional satellites (e.g. NOAA polar
orbiters) managed by U.S. and
international agencies. It has been
“collected” more than “designed”.
It has a high risk of critical data
gaps and calibration shortcomings
that will seriously degrade the
confidence with which climate
assessments can be made. Clear
agency responsibilities must be
established to insure the success of
the national climate change mission.

Acquire independent space-based
measurements of key climate vari-
ables. Independent instrument meas-
urements from space of each key cli-
mate variable are required to verify
accuracy. This requirement is based
on the experience of NIST and other
national standards laboratories.
Extensive theoretical and laboratory
work is done to establish the uncer-
tainty levels of NIST calibration
standards. But when multiple
nations compare their standards,
usually the differences exceed the
predicted uncertainty. This is a fun-
damental lesson for climate data,
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which, like NIST standards, pushes
the capability of instrument calibra-
tion. When climate change surprises
are observed with one instrument,
confidence is increased dramatically
if the signal can be confirmed with
an independent measurement. This
is basic scientific practice. The
measurements should be from differ-
ent technological approaches. Some
examples already exist: SST from
satellite passive infrared,
microwave, and in-situ buoys.
Surface wind speed from satellite
scatterometer, passive microwave,
and in-situ buoys. Air temperature
from satellite passive microwave
and infrared. But many climate
parameters do not currently have
independent observation approaches.
Cloud amount and layering should
be measured both by active lidar and
radar as well as passive imagers.
Radiation budget should be meas-
ured both by simple broadband
radiometers as well as high spectral
resolution spectrometers that cover
the entire (at least 99%) spectrum of
earth emitted and reflected radiation.
Current infrared spectrometers
observe less than 50% of the emitted
radiation.

Ensure that launch schedules
reduce risk of a gap in the time
series to less than 10% for each
climate variable. Most climate
measurements require overlapping
(in time) observations to assure the
calibration record at climate accura-
cy. This is an especially difficult
requirement since it requires inter-
calibration of two instruments
before the old instrument fails. In
general it implies the need for hot



spares in orbit. The current NASA
and NPOESS plans do not include
hot spares. As a minimum, a risk
analysis for instrument and space-
craft failure with time should be
completed to ensure that launch
schedules reduce gap risk to under
10% for each climate variable.
Launch on failure, as currently
planned by NPOESS will assure
unacceptable gaps and insufficient
overlap of climate records from
space-based observations. There are
also likely gaps between the end of
NASA’s responsibilities for climate
variables and the beginning of the
NPOESS measurements. Two
examples are solar irradiance and
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radiation budget. NASA radiation
budget data from CERES ends nom-
inally in 2008, while the NPOESS
follow-on ERB instrument begins in
2011. The risk of a gap is currently
estimated at 50%, too high for a cli-
mate observing system. We recom-
mend that the solar radiation and
radiation budget gaps be addressed
using the NPP mission planned for
flight in 2006, or by flying small
spacecraft in appropriate orbits.

Add highly accurate measure-
ments of spectrally resolved
reflected solar and thermal
infrared radiation to NPOESS
EDR list. Some key climate vari-

NPOESS will be the source for much of the satellite derived

climate data in the future (2009-2025)

NPOESS planned capabilities are well suited to climate use

— Can produce and deliver short-term observations and predictions on

Earth processes

Can produce and deliver long-term observations for climate

monitoring and climate research
“systematic & process measurements”]

NPP will provide the bridge between EOS & NPOESS for

research users (2006-2011)

NPP and NPOESS will contribute to continued algorithm
improvements with the new generation of sensors

NPP and NPOESS will produce long-term data sets (CDRs and
measurements for CDRs) for some of the important climate
variables

The NPOESS Preparatory Program (NPP) and NPOESS programs will provide
climate observations from 2006 — 2025 (Mango, Workshop Invited Presentation).
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ables are missing from the EDR list.
While beyond the scope of this
workshop to do a comprehensive
list, two examples are given. First,
highly accurate and high spectral
resolution (sometimes referred to as
hyperspectral) radiances that cover
the entire solar and thermal infrared
spectrum of earth reflected and emit-
ted radiation. Such radiances would
be a data source independent of the
broadband radiation data represented
by CERES and Earth Radiation
Budget Experiment (ERBE). They
would likely use coarser spatial res-
olution (50 km to 100 km) and limit-
ed angle sampling (nadir or a few
fixed viewing zenith angles) in order
to achieve high spectral resolution
with high accuracy linear detectors.
In the infrared, such radiances
would also represent independent
confirmation of the temperature and
humidity profile data extracted from
the global imaging spectrometers
such as Cross Track Infrared
Sounder (CrIS). If placed in pre-
cessing orbits, they could also
achieve intercalibration with all
other solar and thermal infrared pas-
sive sensors, including the ability to
match any spectral response func-
tion and to enable orbit-crossing
intercalibration over a complete
range of latitudes from equator to
polar regions. A second example of
a missing CDR is cloud emissivity
in the major infrared window from
8um to 12um. Spectrally resolved
thermal radiation from the climate
system is an important and versatile
climate variable that can be very
accurately observed from space
(Goody and Haskins 1998). This
infrared radiance records both the
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radiative forcing of the atmosphere
resulting from greenhouse gas emis-
sions and aerosols and the resulting
response caused by the adjustment
of the atmosphere to this radiative
forcing. The Intergovernmental
Panel for Climate Change (IPCC)
predicts increases in greenhouse gas
concentrations and changes in
atmospheric aerosols, which will
manifest themselves as a significant
reorganization of the spectral distri-
bution of outgoing longwave radia-
tion (OLR). The different predic-
tions of future temperature, water
vapor, and cloud amount forecasted
by different climate models will also
cause dramatic differences in the
spectral characteristics of the OLR.
Diagnostic signatures that can
decide issues of model performance
and eliminate competing scenarios
of climate change can be revealed
from the spectrum of accurately
observed OLR. The information pro-
vided by spectral resolution allows
us to study individual forcings and
their responses, including those in
cloud formation, which give rise to
much of the variation in model fore-
casts of future climate.

Increase U.S. multi-agency and
international cooperation to
achieve a rigorous climate observ-
ing system. This report effectively
focuses concern on the U.S. ability
to produce the CDRs required for a
successful climate research program.
Currently, this situation is sympto-
matic of a climate research effort
that is doing the best it can with lim-
ited resources. Many risky tradeoffs
are justified not by climate require-
ments but by resource and time limi-



tations. As climate change is likely
to continue, there may come a time
when the U.S. and/or the interna-
tional community decide to attack
climate in an “Apollo”-like mission
mode where requirements drive the
process. It is instructive to imagine
what could be quickly improved or
changed in this scenario.
Computational capacity for model-
ing could be increased 100 fold in a
few years by purchasing additional
capacity. Additional scientific
expertise would require longer to
transition from other fields: perhaps
5 years. But achieving the required
highly accurate decadal time series
of climate data would take much
longer: 5 years for a crash observa-
tion system construction, and anoth-
er 20 years to collect its first 2
decades of data. This suggests that
the calibration discussions in this
report should be considered very
carefully and given a high priority to
drive improvements in the next
decade of observations from NASA,
NOAA, and NPOESS space-based
systems. It also suggests that
increased U.S. multi-agency as well
as international cooperation through
Committee on Earth Observation
Satellites (CEOS), Integrated Earth
Observing Strategy (IGOS), and the
10-year program adopted at the
Earth Observations Summit in
Washington in July 2003 will be
required to bring the resources to
bear to achieve a rigorous climate
observing system with a high proba-
bility of success. Interagency and
international cooperation should
extend across satellite missions,
instruments, instrument calibration,
CDR production, CDR validation,
and archive and distribution.
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CALIBRATION

1.

Elevate climate calibration
requirements to critical impor-
tance in NPOESS. Calibration must
be done to absolute international
standards similar to NIST standards
both prelaunch and postlaunch.
Also, adopt current international
protocols, definitions, guidelines,
and principles in metrology, includ-
ing uncertainty assessments for cali-
bration. Calibration must be of such
a high priority that it is capable of
driving instrument cost and
schedule. Currently, instrument cali-
bration and characterization are done
at the end of instrument build when
schedule and budget pressure to fin-
ish is very high. The calibration
objective must be high enough pri-
ority to drive this final stage. It
typically is not, and many corners
are cut at the end of instrument build
and calibration. This includes solv-
ing instrument problems that first
appear during calibration. This will
be a particular challenge for the
NPOESS satellite system. NPOESS
will fly a suite of new sensors that,
while they all have considerable her-
itage, will require careful pre- and
post-launch calibration/validation.
Painful experience has taught us that
careful in-lab calibration of the sen-
sor avoids many problems that come
up after the launch and on-orbit
operation. Another important lesson
learned is that independent “vicari-
ous” calibration/validation is some-
thing that can’t be done only once
early in the life of the new sensor
but must continue periodically
throughout the life of the sensor.
Only in this way can we obtain an
independent estimate of the drift of



the instrument over time. Climate
calibration is not as high a priority
as the weather observation mission,
and so given schedule and budget
pressures that are already appearing,
climate quality calibration and,
hence, the credibility of long-term
CDRs, are at very high risk. It is
also important to establish the
veracity of ancillary data (aerosol
networks, radiosondes, etc.) and
measurement systems for vicarious
calibration. In essence, the founda-

tion of CDRs is a three-legged stool:

pre-launch calibration, post-launch
instrument calibration/corrections,
and use of correlative data for vali-
dation of the CDRs.

Develop characterization require-
ments for all instruments and
insure that these are met.
Instrument characterization remains
basic to calibration and to the quali-
ty of the climate data records. At a
minimum, instrument artifacts in the
data sets, such as residual striping,
banding, or scattered light in the
images, detract from the users’ con-
fidence in the overall quality of the
measurements - even if these arti-
facts are within the accuracy specifi-
cations for the instruments. More
fundamentally, instrument artifacts
may conceal important geophysical
changes or may be misinterpreted as
geophysical properties, themselves.

Calibration Validation Paradigm
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» Laboratory - before launch,
sensor is calibrated in lab

*  On-orbit - daily solar and
monthly lunar observations
are used to track changes in
SENsor response

*  Vicarious - comparison of
data retrievals to in-water,
ship, and airborne sensors is
used to adjust instrument
gains

Satellite instrument calibration begins in the laboratory, continues on-orbit, and includes
vicarious calibration (McClain, Workshop Invited Presentation).
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Spectral Radiance Comparisons

Spectral range: 250 nm to 2500 nm

Protocol: Assess accuracy of user
calibration of working standard
radiance sources using calibrated
transfer radiometers (blind study)

Key Participants: NIST, University
of Alabama, NASA

Comparisons held: Multiple, since
1993

Characterizations: spatial and
angular uniformity, temporal
stability, repeatability

Typical agreement: ~3% (visible),
4% to 10% (near infrared)

Assessing the accuracy of standards for satellite instrument calibration is an
important component of an overall calibration program
(Johnson, Workshop Invited Presentation).

Thus, there is the requirement for
insight into the characterization plan
and reviews of the characterization
data while the instruments are in the
lab to ensure the adequacy of the cli-
mate data sets. Once the instru-
ments are out of the lab and on
orbit, the characterization of instru-
ment parameters, such as polariza-
tion for example, can be difficult
and expensive, if possible at all.
During the instrument fabrication,
the insight should come from a real
time parallel or collaborative analy-
sis with data provided to a govern-
ment maintained cal/val archive.
(This is the basic procedure planned
for the government’s procurement of
data for the Landsat Data Continuity
Mission (LDCM)).
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Conduct and verify prelaunch cal-
ibration of NPOESS and GOES-R
instruments using NIST transfer
radiometers. Pre-launch calibration
involving most NPOESS and GOES
R instruments should be conducted
using NIST transfer radiometers,
when available, for appropriate
spectral wavelength ranges and at
climate relevant accuracies. If trans-
fer radiometers are not available,
conduct and verify the accuracy of
the pre-launch radiometric calibra-
tion and the adequacy of the charac-
terization of flight sensors by direct
measurement and in conjunction
with available SI traceable transfer
standards from national measure-
ment institutes such as NIST for the
U.S.



Simplify the design of climate
monitoring instruments.
Instruments designed for climate
monitoring should be simple to cali-
brate and maintain calibration in
orbit. Other objectives such as high
spatial resolution may need to be
sacrificed to attain this goal.

Implement redundant calibration
systems. Redundant calibration
systems are critical: both pre-launch
laboratory calibration as well as
post-launch on-orbit calibration.
Such systems allow much more
rigorous estimates of calibration
uncertainty. Redundancy can take
the form of independent on-board
systems, intercalibration of similar
instruments on different satellites,
and vicarious calibration against
lunar or earth targets.

Establish means to monitor the
stability of the sensors. As the sta-
bility of the sensors is an essential
requirement, their pre-flight stability
is to be monitored during the time
interval between pre-launch calibra-
tion and launch. Also, where possi-
ble, stable extra-terrestrial sources
proven for their stability (sun, moon,
stars) are to be incorporated for
studies of in-flight sensor degrada-
tion and sensor inter-comparison.

CLIMATE DATA RECORDS (CDRs)

1.

Define requirements for CDRs. In
NPOESS nomenclature, EDRs
(Environmental Data Records) are
designed for use at short time/space
scales for applications such as
weather forecasting. CDRs will typ-
ically have different requirements
than EDRs, with more stringent cali-
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bration accuracy, stability, and
requirements for overlapping
records. Current NPOESS EDR
specifications have tried to add sta-
bility requirements for many EDRs
that are meant to respond to CDR
concerns. This is an improvement
but does not fully reach climate
requirements in many cases. This
workshop report attempts to clarify
these problems, where appropriate,
for each NPOESS EDR. Both EDR
and CDR requirements need defini-
tion. Clear priorities cannot be
assigned when they are mixed in one
set of requirements as in the current
EDRs. We recommend that CDRs
be generated for all key climate vari-
ables that can be measured from
space. It is unlikely that the current
NPOESS EDR data products will be
sufficiently accurate for climate use.
There are two primary reasons for
this assessment. First, EDRs are
designed primarily for weather fore-
casting, so that data products must
be produced within a few hours of a
measurement taken by satellite.
CDRs can lag observations by
months without serious impact on
long-term climate research. Second,
the weather accuracy requirements
are typically easier to meet than the
more stringent climate accuracy (e.g.
1 K instantaneous temperatures
versus 0.1 K time averaged
temperature). This mismatch of
space/time/accuracy for weather and
climate data products will naturally
lead to simpler and faster analysis
algorithms for EDRs than for CDRs.
CDRs will be required to verify cali-
bration stability and accuracy over
many months of analysis, and will
commonly require reprocessing to



remove small artifacts that are not
an issue for weather applications but
are critical to climate use. The opti-
mal CDR data products have histori-
cally lagged spacecraft launch by 3
to 4 years. Steps should be taken to
assure that the operational products
will blend seamlessly with EOS and
other mission sensors. EDRs can
potentially meet CDR objectives
through improved algorithms, care-
ful analysis by potential users, and
rigorous use of validation data. The
NPOESS Preparatory Project (NPP)
will be evaluating the use of EDRs,
or enhanced EDRs, as CDRs suit-
able for climate research.

Establish clear responsibility and
accountability for generation of
climate data records. Clear respon-
sibility and accountability must be
established for each climate variable
as a function of time. This has not
yet been achieved for the full range
of climate variables either nationally
or internationally. This is particular-
ly a challenge for the multi-agency
nature of satellite climate data sets,
with NASA, NOAA, and DoD all
playing major roles.

Arrange for production and
analysis of each CDR independ-
ently by at least two sources. Each
CDR should be analyzed and pro-
duced by at least two independent
sources. Not only instruments, but
also analysis algorithms and code
require validation and independent
confirmation. Scientific remote
sensing algorithms and supporting
code to produce climate quality data
sets can vary from 10,000 to
500,000 lines of code. For large
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code developments the question is
not whether code errors exist, but
rather how many. The most robust
method to discover and eliminate
both algorithm and coding problems
in a rigorous fashion is independent
algorithms and coding. Climate sig-
nals are often subtle and require
exceptional efforts to attain a high
degree of confidence in results. A
recent example is the difference in
Microwave Sounding Unit (MSU)
analysis results among different
research groups.

Organize CDR science teams.
Given the differences in
time/space/accuracy of EDR and
CDR data products there will be a
requirement to organize CDR Science
Teams whose purpose will be to over-
see, develop, validate, and carry out
the production of CDRs at climate
accuracy. They will most likely be
required to return to level 0 raw
instrument data and re-calibration to
assure climate accuracy of the prod-
ucts. The algorithms must also
focus on physically based algo-
rithms that will likely require more
processing time than the EDR analy-
sis algorithms. Finally they will
have to account for diurnal cycles to
enable daily mean and monthly
mean data products merging data
from multiple satellites and instru-
ments. Experience with past satel-
lite climate data products indicates
that the CDR Science Teams will
require extensive participation of
climate data users (e.g. climate
modelers) as well as algorithm and
instrument science specialists.
Typically, these teams would be
some combination of agency and



university scientists. These teams
should be started prior to launch
with sufficient input to assure ade-
quate instrument calibration and
characterization are done pre-launch.
The teams must be able to review
instrument progress as well as to
affect schedules and costs if climate
accuracy is to be obtained. Post
launch team activities would focus
on validation and algorithm
improvement. NPOESS currently
has Operational Algorithm Teams
(OATS) to carry out a review func-
tion for EDRs, but no equivalent for
CDRs. There is no current plan to
form CDR teams, or to produce/vali-
date/archive CDR NPOESS data
products. However, two recent ini-
tiatives are dealing with this issue.
NOAA, with the assistance of the
National Academy of
Sciences/National Research Council,
is developing a plan for generating
CDRs from operational satellite
observations. This plan will include
recommendations on science teams.
NASA has formed a science team
for NPP to assess the utility of the
EDRs for use as CDRs and to deter-
mine additional work that may need
to be done. It is clear that one of the
early functions of the multi-agency
Climate Change Science Program
(CCSP) effort should be to build
upon these initiatives

Develop archive requirements for
NPOESS CDRs. CDRs that achieve
validated and science-ready state
will require permanent archive, even
when they are superceded by
improved versions. This is needed
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to enable rigorous scientific compar-
ison of results and conclusions in the
published scientific literature over
the decadal time scale of climate
research. While it might seem suffi-
cient to archive the computer code
for generating the CDRs, computer
hardware, operating systems, and
compilers change too dynamically to
achieve a high degree of confidence
that code run 10 years ago can be
made to run on today’s systems
without a major effort and high code
maintenance costs. It also may not
be possible to recreate the same ver-
sions of all input data products used
in the CDR product. This is another
fundamental difference between
EDRs and CDRs. EDRs can use the
most recently available and best
“current” processing software with
little concern about consistency with
5 or 10 year old products: the appli-
cation of such data is over the time
scale of days. This also is a chal-
lenge for the NPOESS system.
Weather requirements will likely
lead to a system with a running
archive of the last 3 to 6 months of
data easily available, plus a level 0
raw data archive of all data. There
is not yet a clear NPOESS require-
ment for CDR products, their per-
manent archive, or easy access to
earlier versions that may have been
produced 5 or 10 years earlier. Note
that the archive includes not only the
data products themselves, but also
data and documentation on the
instrument, calibration, algorithm,
intermediary data products used for
validation, and validation for each
CDR.



Some possible answers:

Why do we need absolute calibration?

A.  Itis required by a rigorous, physics-based error analysis flow down.
B.  We want to force the contractors to do the best they can.
C We don't, really: we only need long term stability, but
feel that this is the best way to guarantee it.
D.  We don't: the satellite instrument only interpolates. The Kelvin
comes from the radiosondes (or buoys, or other vicarious).

E.  We haven't decided yet what we will rely on, so we need it just
in case.

F. We don't: we just want pictures.

G.  All of the above.

H.  None of the above.

Tongue in cheek (Rice, Workshop Invited Presentation).

3. Required Absolute Accuracies and
Long Term Stabilities for Climate
Variables

This section discusses the required accu-
racy and stability for each climate variable
data set. These are the accuracies and stabil-
ities needed to detect a climate signal. For
present purposes, the climate signal is a
change in the climate variable over time
and the time scale of interest is a decade.

The first step in the process is specifying
the anticipated signal in terms of expected
change per decade. The second step is
determining the accuracies and stabilities
needed in the data set to permit detection of
the signal. Excellent absolute accuracy in
the measurement of the climate variable is
vital for understanding climate processes
and changes. However, it is not as neces-
sary for determining long-term changes or
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trends as long as the data set has the
required stability. And, when it comes to
building satellite instruments, stability
appears to be less difficult to achieve than
accuracy. The difficulty arises because of
the many known and unknown systematic
uncertainties that are to be accounted for in
the calibration of the instrument on ground
to establish its absolute accuracy and trans-
fer and monitor the calibration on orbit.
Stability on the other hand is the measure of
repeatability and reproducibility of the
metrological characteristics of the instru-
ment with time. Thus, a key attribute for the
climate data sets is long-term stability. The
required stability is some fraction of the
expected signal, assumed to be 1/5 in this
report. If we cannot achieve the above sta-
bility - for example, if we can only achieve
a stability of 0.5 of the signal - there would
be an increased uncertainty in the determi-
nation of the decadal rate of change.



The factor 1/5, or 20%, is somewhat
arbitrary. It should be periodically reevalu-
ated. If the climate signal is one unit per
decade, a 20% stability would imply an
uncertainty range of 0.8 to 1.2, or a factor
1.5, in our estimate of the signal. One basis
for choosing such a factor is related to the
uncertainty in climate model predictions of
climate change. Thirty-five climate model
simulations yield a total range of 1.4 K to
5.8 K, or factor of about 4, in the change in
global temperature by 2100 (IPCC, 2001).
Thus, a stability of 20% should lead to a
considerable narrowing of the possible cli-
mate model simulations of change.
Achieving the stability requirement does
not guarantee determining these long- term
trends. Superimposed on these trends is cli-
matic noise - short-term climate variations -
that may mask the signal we are trying to
detect or reduce our confidence in the
derived trend.

Although excellent absolute accuracy is
not critical for trend detection, which was
the subject of the workshop, it is crucial for
understanding climate processes and
changes. Continuous efforts should be
undertaken to constantly improve the accu-
racy of satellite instruments.

3.1 Solar Irradiance, Earth Radiation
Budget And Clouds

How Were the Requirements Set?
Overall, the variables in this section are
linked in their role in the energetics of the
climate system. The sun is the dominant
source of energy for the earth’s climate. For
a long time thought of as being a steady,
constant energy source - hence, the term
“solar constant” to express the amount of
solar radiation reaching the Earth - we now
know that it can vary on the decadal time
scales of present interest. Accurate measure-
ments of solar irradiance are key to defining
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climate radiative forcing, and its accuracy
requirements are specified in that context.
Changes in surface albedo can represent
both changes in climate forcings - due to
human caused land-cover change - and cli-
mate feedbacks - due to changes in
ecosytems and in snow and ice cover result-
ing from climate changes. Cloud feedback
remains the largest single factor in the cur-
rent large uncertainty in climate sensitivity
(IPCC, 2001). Cloud properties are critical
to understanding and defining the role of
clouds as feedback mechanisms in the cli-
mate system. Earth radiation budget is the
final integral of energetics in the climate
system, and is a key diagnostic for a wide
range of climate forcings (aerosol), feed-
backs (clouds, ice/snow), and climate
responses (heat transport). Accuracies for
clouds and radiation budget are defined at
levels sufficient to be at or above estimates
of unforced natural climate variability in
current climate models; these accuracies
must also be sufficient to directly observe
decadal changes in clouds and radiation
budget that would constrain potential cloud
feedback mechanisms in climate models.
The largest time and space scales will
drive the accuracy and stability require-
ments. For solar irradiance and surface
albedo, climate radiative forcing drives the
requirements. For clouds and radiation
budget, climate feedbacks drive the require-
ments. Recent studies of the last two
decades of cloudiness (International
Satellite Cloud Climatology Project
(ISCCP)) and radiation budget data (ERBE,
Scanner for Radiation Budget (ScaRaB),
CERES) from satellites have indicated sig-
nificant interannual to decadal variability in
the tropics from latitude 20S to latitude
20N. This variability is not shown in cur-
rent climate model simulations and is repre-
sentative of changes that are critical to
assess accurately from observations, and to



be able to predict from climate models. A
climate observing system that cannot rigor-
ously observe such changes with high con-
fidence is very unlikely to be able to con-
strain and verify cloud feedbacks within cli-
mate prediction models.

Accuracy requirements can also be deter-
mined by considering the amount of climate
change likely over the next few decades.
For example, many climate change models
use a 1%/year increase in carbon dioxide to
simulate a nominal doubling of CO, in 70
years. This doubling is a radiative forcing
of the climate system of about 4 Wm-2, or
about 0.6 Wm-2 per decade. A change in
global average cloud fraction sufficient to
offset this radiative forcing would be about
0.015 if all other cloud properties remained
fixed. This would be a cloud feedback so
strong that climate change due to green-
house forcing would become negligible. We
suggest that a minimum signal to noise of at
least 5 is needed to detect such change, sug-
gesting a requirement for stability per
decade in global cloud cover of 0.003. This
would be sufficient to detect a cloud feed-
back. This approach essentially follows
that used by Hansen et al. (1993) in a work-
shop report that summarized accuracies
required for long-term monitoring of global
climate forcings and feedbacks. The accu-
racy requirements in this section are in gen-
eral similar to those in Hansen et al. where
the same climate variable was evaluated.
As in that report, this workshop concluded
that the appropriate scaling for climate
requirements is the radiative flux changes
that can potentially alter climate: either
forcing or feedback.

The NPOESS project convened a work-
shop to assess climate measurement
requirements for the Integrated Operational
Requirements Document (IORD) variables
(Jacobowitz, 1997). The report influenced
the IORD to add or change stability require-
ments, but had little effect on other IORD
requirements, which were focused on

36

instantaneous observations and, often, high
spatial resolution. Climate space scales run
from 50 km through global, and climate
time scales from a few weeks to centuries
for current global change concerns. The
requirements in this report and in Hansen et
al. (1993) for clouds and radiation budget
are often more stringent than in the
NPOESS climate workshop. The NPOESS
workshop does not appear to have used a
consistent radiative definition of the forc-
ings and feedbacks. Many of its threshold
stability values would not be able to detect
the decadal changes expected for forcings
and feedbacks. Following Hansen et al.
(1993) the current report tries to address the
requirements in a consistent radiative forc-
ing or feedback metric. It also assumes
that the forcing or feedback must be
detected accurately enough to assess
decadal change at the level of 20% of the
anticipated greenhouse gas forcings per
decade. If four forcing and/or feedback
mechanisms are found to be significant at
this level and the data verify that a future
climate model predicts them to this accura-
cy, then in the simplest sense the uncer-
tainty in future predictions by the climate
model is composed of four likely inde-
pendent errors, each of which is 20% of
the base greenhouse forcing. We might
anticipate in this scenario that the uncer-
tainty in future predictions would be 20%
(square root (4)) = 40%. This would be a
dramatic improvement over the current
factor of 4 or larger uncertainty. But it
also suggests that the stricter stability
requirements in the current document and
in Hansen et al. (1993) are to be thought of
as thresholds or minimum values, not as
desired objectives. The objectives should
be set even tighter by a factor of 2 to 4
(10% to 5% of the greenhouse forcing).
The current report does not discuss in
depth spatial, angular, and time sampling
requirements, since the focus of the work-



shop was on calibration. But Climate Data
Record (CDR) accuracy includes these
issues as well. For an observing system
with fixed sunsynchronous orbits such as
NPOESS, angular and time sampling biases
are primarily a function of the orbit. Time
sampling for many of the cloud and radia-
tion variables can be augmented by incor-
porating the geostationary satellite data sets
(imager and sounder), especially where they
can be routinely intercalibrated with the cli-
mate instruments to provide consistent data.
Angle sampling errors are being markedly
reduced through the efforts of the new
multi-angle POLarization and Directionality
of the Earth’s Reflectances (POLDER),
Multiangle Imaging SpectroRadiometer
(MISR), and CERES observations. Spatial

sampling errors become significant for
instruments that only view nadir such as the
new active lidar and radar systems. This
primarily limits their climate-monitoring
role to zonal and global means, but in some
cases they can be sufficiently accurate for
1000 km scale annual mean regional values.
Regional climate change signals will be
larger than zonal or global climate signals.
But internal climate system noise will also
be larger on these regional scales. The
tradeoff of the internal climate noise versus
signal has yet to be clearly defined for all of
the variables in this report. There should be
a continuing effort in the future to estimate
climate noise for each variable at a range of
time and space scales. This information can
then be used to refine the observing system

Decadal Scale Variations of Solar Irradiance
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At least a one-year overlap of solar irradiance observations is needed to remove instrument
differences in absolute calibration (Lean, Workshop Invited Presentation).
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requirements. There is little justification to
measure more than a factor of 2 more accu-
rately than the background climate noise.
In the current analysis, we have used cli-
mate model noise estimates to help set
requirements for several climate variables.

3.1.1 Solar Irradiance

The IORD-II (NPOESS, 2001) require-
ments were reviewed and were endorsed for
both total irradiance and spectral irradiance
accuracy and stability. The threshold for
absolute accuracy of total irradiance is
1.5 Wm-2 (0.1%), and for stability
0.02%/decade. As for many instruments,
the stability of the active cavity radiometers
greatly exceeds the absolute accuracy. At

SORCE|

least a one-year overlap of observations is
needed to remove instrument differences in
absolute calibration. A 0.02%/decade sta-
bility requirement is sufficient to detect a
0.3 Wm-2 change in solar irradiance over a
decade. This stability will constrain solar
radiative forcing of the Earth’s climate to
within (0.3)(0.25)(0.7) = 0.05 Wm-2 per
decade. The factor of 0.25 converts solar
constant to the global average insolation
over the Earth’s surface, while the factor of
(0.7) is the approximate fraction of energy
absorbed by the Earth. This stability
requirement will also allow rigorous tests of
decade to century time scale variability in
solar output as the length of the data record
grows. The system would be capable of

TSI Measurements
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Each color in the above graph represents a time series of total solar irradiance measured
by an individual satellite instrument. The total solar irradiance time series in the previous
figure (Lean, Workshop Invited Presentation) is based on exploiting the overlapped
observations to adjust for the differing absolute accuracies of the individual instruments
(Rottman, Workshop Invited Presentation).
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detecting 0.5 Wm2 per century change in
solar forcing. Even this subtle change
would be a significant fraction of anticipat-
ed greenhouse gas forcing over the next

century. ) .
Spectral irradiance requirements are in

general about a factor of 10 less stringent,
but details vary with wavelength as indicat-
ed in the IORD-II. The spectral irradiance
measurements are crucial for properly spec-
ifying the way that the solar radiative ener-
gy enters the climate system. Absorption
scattering, and reflection (in the atmos-
phere, at the surface and in the mixed layer
of the ocean), all depend on wavelength.
Solar radiation at different wavelengths has
different variability. As an example, the UV
radiation that is deposited in the strato-
sphere, and influences ozone, varies by one
to two orders of magnitude more than the
visible radiation that reaches the earth’s sur-
face. The IR radiation varies least. So solar
radiation at different wavelengths is
deposited in different ways depending on
geography and altitude. The measurements
of total irradiance alone provide no infor-
mation about the spectral content of the
irradiance variability so a physical under-
standing of the processes by which climate
responds to solar forcing requires the meas-
urements of the spectral irradiance. Spectral
irradiance observations are also important
for verifying solar physics models.

3.1.2 Surface Albedo

Land use change is a potential climate
radiative forcing, while ecosystem response
and snow/ice changes are climate feed-
backs. The goal is monitoring global aver-
age surface albedo change to an equivalent
radiative forcing change of 0.1 Wm-2 per
decade, or about 1/5 of the expected rate of
CO2 forcing. Since one-quarter of the Earth
is covered by land, and about half of the land
is cloud free, this equates to an 0.8 Wm-2
change in the average land surface reflected
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flux for a 24-hour average insolation of 342
Wm-2, The resulting change in land albedo
would be 0.8/342 = 0.002. The global aver-
age land albedo is roughly 0.2, so that the
stability requirement of 0.002 albedo units
per decade is a relative change of 1%/decade
of the broadband solar energy reflected by
the surface. This 1%/decade will drive the
instrument requirements. Accuracy can be a
factor of 5 less, or 0.01 albedo units. For cli-
mate applications, 25 km would be sufficient
horizontal resolution.

3.1.3 Downward Longwave Radiation
at the Surface

Ideally, we would require surface LW flux
accuracy of 1 Wm-2 and stability of 0.2 Wm-2
per decade, similar to those for TOA (Top of
Atmosphere) LW flux. See section 3.1.6 for
the determination of these values. The TOA
flux changes determine energy input to the
entire column of land/ocean and atmosphere.
The surface radiative fluxes are important in
understanding the vertical redistribution of
changes in TOA flux. Further climate mod-
eling studies are needed to estimate the inter-
nal climate system noise in surface radiative
fluxes analogous to that done for TOA flux-
es. Recent studies of an 18-year record of
surface LW flux estimates from the ISCCP
(International Satellite Cloud Climatology
Project) have indicated possible large fluctu-
ations in downward LW radiation at the
surface (Zhang and Rossow, 2002).

3.1.4 Downward Shortwave Radiation
at the Surface

Ideally, we would require surface SW
flux accuracy of 1 Wm- and stability of
0.3 Wm-2 per decade, values similar to
those for TOA SW flux. See section 3.1.5
for the determination of these values. In
general, surface SW fluxes and TOA SW
fluxes are closely coupled. The exception is
when atmospheric absorption changes. This
can be the case with strongly absorbing



aerosols, but only small variations are
expected for cloud phase, optical depth, par-
ticle size and height. Liquid and ice water
cloud particles absorb at similar wavelengths
to water vapor absorption, so that to first
order clouds change the vertical distribution
of solar absorption in the atmosphere.

3.1.5 Net Solar Radiation at the Top of
the Atmosphere

Climate noise represents the unforced
natural variations in the climate system.
Climate models indicate that tropical annual
mean (20S to 20N) shortwave (SW) reflect-
ed flux climate noise is roughly 0.3 Wm-2.
This estimate is taken from the NOAA
Geophysical Fluid Dynamics Laboratory
(GFDL) and United Kingdom
Meteorological Office (UKMO) climate
model simulations